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Abstract: Molecular dynamics (MD) simulation with embedded-atom method (EAM) 
potential was carried out to study the structure and shear response of an asymmetric tilt 
grain boundary in copper bicrystal. A non-planar structure with dissociated intrinsic 
stacking faults was observed in the grain boundary. Simulation results show that this 
type of structure can significantly increase the ductility of the simulation sample under 
shear deformation. A dual deformation mechanism of the grain boundary was observed; 
the grain boundary can be a source of dislocation emission and migrate itself at different 
stress stages. The result of this study can provide further information to understand the 
grain boundary mediated plasticity in nanocrystalline materials. 
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1. Introduction 
Compared with conventional coarse-grained materials, nanocrystalline materials show a 
lot of advanced performances[1, 2], which stimulated widespread interest in the 
mechanical properties and novel deformation mechanisms of nano-sized materials. The 
deformation mechanisms of metals with the average grain size in the nanometer range 
are studied extensively in the past two decades[3, 4]. Grain boundary (GB) has been 
confirmed to play an important role in the mechanical behavior of nanocrystalline 
metals by both experimental observations and atomistic simulations. The identified 
deformation mechanisms in nanocrystalline metals include GB sliding[5, 6], grain 
rotation[7-9], GB migration[10-13], dislocation sink in or nucleate from GBs[14-16]. 
Most of the previous work show that single deformation mechanism can be activated 
for a certain GB. For example, by using molecular dynamics (MD) simulation, Qi and 
Krajewski[6] showed that GB sliding is the primary deformation mechanism in bicrystal 
Al under a shear force. Cahn et al.[9] found that all of the <0 0 1> symmetric tilt GBs in 
Cu can migrate coupled to a shear deformation. Zhang et al.[16] observed that 
dislocation nucleation dominant the mechanism of a deformed Cu with <1 1 0> 
symmetric tilt GBs under tension. By using the quasi-continuum method, Sansoz and 
Molinari[17] correlated individual failure mechanisms to certain GBs. In tension, failure 
of the GBs occurred via partial dislocation nucleation and GB cleavage. In shear, they 
reported three different failure modes depending on the boundary structures: GB sliding 
by atomic shuffling, nucleation of partial dislocations from GB, and GB migration. To 
the best of the author’s knowledge, a dual deformation mechanism of the same GB has 
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rarely reported previously. Also, the computer modeling of GBs has been mostly 
focused on symmetrical GBs, which possess mirror symmetry of crystallographic planes. 
In contrast, very few atomistic simulations have been conducted on the asymmetric GBs. 
In this study, we reported a Σ11 asymmetric GB with a non-planar structure that can 
play a role as dislocation source and migrate itself at different stress stages under shear 
deformation. 
2. Methodology 
Molecular dynamics simulation was carried out to study Σ11(2 2 5)/(4 4 1) Ф=54.74° 
asymmetric tilt GB in Cu bicrystal. The simulation was carried out using the parallel 
molecular dynamics code LAMMPS[18] with the embedded-atom method (EAM) 
potential for Cu developed by Mishin et al.[19]. A bicrystal model was created by 
constructing two separate crystal lattices with different crystallographic orientation and 
joining them together along the Y axis (see Fig.1). A periodic boundary condition was 
applied in the X and Z directions while a non-periodic boundary condition was applied 
in the Y direction. The equilibrium structure of the GB was obtained by the energy 
minimization procedure and the subsequent MD relaxation in the isobaric-isothermal 
(NPT) ensemble at a pressure of 0 bar and a temperature of 300 K for 20 ps. As shown 
in the atomic configuration in Fig.1, the equilibrium Σ11(Ф=54.74°) asymmetric GB 
shows an obvious non-planar structure with an intrinsic stacking fault that dissociated 
from the boundary plane. 
 
Fig.1 Schematic of the simulation model. A constant shear velocity Vs=1m/s parallel to the boundary 
plane was applied during the shear deformation. The atomic configuration shows the equilibrium 
structure of the Σ11(2 2 5)/(4 4 1) (Ф=54.74°) asymmetric GB. The images are viewed along the 
[1 1̅ 0] tilt axis and are colored according to the common neighbor analysis (CNA) parameter. Atoms 
with perfect fcc structures are colored with blue, the red atoms represent the GB plane and the 
dislocation core, the light blue atoms represent the stacking fault. 
Once the equilibrium state of GB was reached, a shear deformation was applied to 
bicrystal model. Atoms on the top of grain-A and atoms at the bottom of grain-B were 
fixed, the thickness of each fixed slab was approximate twice the cutoff radius of atomic 
interactions[10], while all the other atoms in the model were set free. A constant shear 
velocity Vs=1m/s (about 4.6×10
7
/s shear strain) parallel to the boundary plane was 
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applied to the fixed area of grain-A in the +X direction. Throughout the MD simulation, 
the NPT ensemble was adopted and the time increment of simulations was fixed at 1 fs. 
Stress and temperature calculations were performed on the dynamic atoms between the 
two fixed slabs. In atomic level, the stress is computed according to the virial theorem 
by the formula: 
𝜎𝑖𝑗 =
1
𝑉
∑ (
1
2
∑ 𝑟𝛼𝛽
𝑖 𝐹𝛼𝛽
𝑗
− 𝑚𝛼𝑁𝛽=1
𝑁
𝛼=1 𝑣𝑖
𝛼𝑣𝑗
𝛼)     (1) 
Where i, j are Cartesian coordinates and α and β are atom index numbers. m and v 
denote to the mass and velocity of the atom. rαβ and Fαβ are respectively the distance and 
force between two atoms with index α and β. V is the volume of the system and with 
number of total atoms N. 
Generally, if a dislocation is subjected to stress, it tends to move through the crystal. 
This motion is the mechanism for plastic flow in a crystalline solid. The tendency of a 
dislocation to move can be described by Peach-Koehler formula[20], which states that 
the driving force for dislocation motion can be computed from the following equation: 
𝑭𝑳 = (𝒃 ∙ 𝜎𝑖𝑗) × 𝝃                (2) 
where 𝑭𝑳 is the force per unit length of dislocation, this is essentially F/L for a straight 
dislocation where L is the length of the dislocation line; 𝒃 is Burger vector of a given 
dislocation; 𝜎𝑖𝑗 is the stress tensor and 𝝃 is the line vector of the dislocation. For a 
mixed dislocation (with both screw and edge characteristics) of which the tangent to the 
dislocation line is neither parallel or perpendicular to the Burgers vector, let 𝒃 =
(𝑏𝑥  𝑏𝑦  𝑏𝑧), 𝝃 = (𝜉𝑥  𝜉𝑦  𝜉𝑧) and 𝒈 =  𝒃 ∙ 𝝈𝒊𝒋, then: 
𝑔𝑥 = 𝑏𝑥𝜎𝑥𝑥 + 𝑏𝑦𝜏𝑥𝑦 + 𝑏𝑧𝜏𝑥𝑧  
𝑔𝑦 = 𝑏𝑥𝜏𝑦𝑥 + 𝑏𝑦𝜎𝑦𝑦 + 𝑏𝑧𝜏𝑦𝑧  
𝑔𝑧 = 𝑏𝑥𝜏𝑧𝑥 + 𝑏𝑦𝜏𝑧𝑦 + 𝑏𝑧𝜎𝑧𝑧        (3) 
and 
𝑭𝑳 =  𝒈 × 𝝃 =  |
𝑖 𝑗 𝑘
𝑔𝑥 𝑔𝑦 𝑔𝑧
 𝜉𝑥 𝜉𝑦 𝜉𝑧
|      (4) 
This general form of the Peach-Koehler equation is used to calculate the magnitudes of 
the forces on and the forces between dislocations. 
3. Result and discussion 
The shear stress of the bicrystal model with Σ11(2 2 5)/(4 4 1) GB as a function of shear 
strain was plotted in Fig.2. The deformation of the bicrystal model occurred in four 
stages: elastic, plastic, strain-hardening and strain-softening. These stages were divided 
by the dashed line in Fig.2. The corresponding deformation configurations were 
presented in Fig.3(a). The Crystal Analysis Tool[21, 22] was used to detect dislocations 
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in this study. The identified dislocations were converted into continuous lines and their 
Burgers vectors were calculated, as shown in Fig.3(b). 
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Fig.2 The shear response of Cu bicrystal model with Σ11(2 2 5)/(4 4 1) Ф=54.74° asymmetric tilt 
GB at 300 K. The four deformation stages are indexed by (1) elastic (2) plastic (3) strain-hardening 
and (4) strain-softening. 
 
Fig.3 Snapshots of Cu bicrystal model at different deformation stages. (a) shows the results from 
MD simulation. The atoms with perfect FCC structure are removed to facilitate the view of the GB 
and dislocation structures. (b) shows the extracted dislocation segment by using the Crystal Analysis 
Tool. 
In the elastic stage, the GB structure kept its initial equilibrium configuration. The 
simulation results indicate that the equilibrium boundary structure can be regarded as 
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being composed of an array of GB dislocations with Burgers vector b=(1/6)[1̅ 1̅ 4̅] and 
b=(1/3)[1 1 1̅], along with the dissociated Shockley partial dislocations extended from 
the boundary plane. With the increasing of shear deformation, the dissociated Shockley 
partial dislocations began to emit from the GB plane with an extension of the intrinsic 
stacking fault behind, resulting in the plastic deformation stage (see Fig.3(a) at ε=2.7%). 
Visual inspection of the simulation results, it can be found that the dissociated Shockley 
partial dislocations from GB plane are nearly pure edges with the dislocation lines along 
the Z direction, and therefore, had Burgers vectors with large y-components and small 
x-components. As a simplification for this case, we consider the simulation as a shear 
force acting on an array of straight edge dislocations with 𝒃 = (0 1 0) and 𝝃 =
(0 0 1), according to Eq.(3), 
𝒈 = 𝑏 |
𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧
𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧
𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧
| |
0
1
0
| =  𝑏|𝜏𝑥𝑦 𝜎𝑦𝑦 𝜏𝑧𝑦|      (5) 
and according to Eq.(4), taking the cross product of 𝒈 and the line sense 𝝃 we get: 
𝑭𝑳 =  𝒈 × 𝝃 = |
𝑖 𝑗 𝑘
𝑏𝜏𝑥𝑦 𝑏𝜎𝑦𝑦 𝑏𝜏𝑧𝑦
0 0 1
|  
= 𝑏𝜎𝑦𝑦 𝑖 − 𝑏𝜏𝑥𝑦𝑗 = 𝑏𝜎𝑦𝑦 𝑖 + 𝑏𝜏𝑦𝑥𝑗 = 𝐹𝑥 + 𝐹𝑦    (6) 
Eq.(6) indicates that only 𝜏𝑦𝑥  and 𝜎𝑦𝑦  can exert force on these dissociated 
dislocations and that the force acts normal to the dislocation line along its length. 𝐹𝑥 is 
the climbing force in the +X direction while 𝐹𝑦 is the glide force acting in the +Y 
direction. In general, dislocation climb requires higher thermal activation energy, which 
is hard to occur at an ambient temperature. Therefore, it is reasonable to observe the 
dissociated dislocations slip upwards that driven by the applied shear stress (𝜏𝑦𝑥) in 
grain-A. Moreover, the interaction of the parallel edge dislocations has been neutralized 
since both of them have the identical Burgers vector, and the distance between them are 
equal. 
Note that the comparative low yield stress (σy=0.42 GPa) was mainly due to the 
intrinsic GB structure with the embryo dissociated dislocations (see in Fig.1) where 
only a low-level stress can drive them to emit. Also, it is interesting to see that the stress 
curve reached a plateau in the plastic stage, indicating that the slipping of dislocations in 
grain-A played a small role in accommodating the system stress. This was different 
from the previous finding where the stress curve started to drop once the dislocation 
became active[10, 16, 17]. As mentioned previously, these partial dislocations were pure 
edges which have Burgers vectors with large y-components and small x-components. 
Consequently, the region swept by this array in grain-A had undergone a tilt rotation and 
suffered a misfit strain. This distortion significantly altered the local stress distributions, 
causing the stress distribution to become very nonuniform. Once this had occurred, the 
stress-strain curve in stage-2 bears essentially no physical significance in depicting the 
stresses within the models. Therefore, the dislocation movement did not reduce the 
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stress value. Instead, the stress curve plateaued in the plastic stage. To visually display 
the stress distribution in the bicrystal system, the Von Mises stress of each atom in the 
simulation system was calculated by using Eq.(7) and the results were shown in Fig.4. 
Atoms with the stress value less than 1.5 GPa were removed to facilitate the view of 
stress change within the simulation system.  
𝜎𝑖𝑗 = √1/2[(𝜎𝑥𝑥 − 𝜎𝑦𝑦)
2 + (𝜎𝑦𝑦 − 𝜎𝑧𝑧)
2 + (𝜎𝑧𝑧 − 𝜎𝑥𝑥)
2 + 6(𝜎𝑥𝑦
2 + 𝜎𝑦𝑧
2 + 𝜎𝑧𝑥
2)     (7) 
Figs.4(a) and (b) show the snapshots of the simulation model before and after the 
emission of the Shockley partial dislocations. It is clear to see that the grain boundary 
area shows the largest concentration of stress. The slipping of the dislocation array did 
not fundamentally change the stress level in the boundary area, and it shows no obvious 
effect on the stress distribution in the bicrystal system. Therefore, it is reasonable to see 
a stress plateau at stage-2 in Fig.2. The result has an implication that the non-planar GB 
structure with dissociated partial dislocations can increase the ductility of the simulated 
sample under shear. During the emission process in stage-2, the boundary plane 
rearranged itself by adjusting positions of local atoms. As shown in Fig.3(b), this 
rearrangement can be regarded as a combination of GB dislocations that described by 
(1/6)[1̅ 1̅ 4̅] + (1/3)[1 1 1̅] → (1/6)[1 1 6̅]. 
 
Fig.4 Snapshots of Cu bicrystal model at different deformation stages. Atoms are colored by the 
value of Von Mises stress where atoms with the stress value less than 1.5 GPa are removed to 
facilitate the view of stress change within the simulation system. 
The propagation of dislocations was blocked when they reached the top fixed area in 
grain-A. After that, the stress curve reached the strain-hardening stage with a continuous 
7 
stress increase without any new deformation mechanisms to release the system stress 
(see Fig.3(a) at ε=5%). We understand that the blocking of dislocation movement is a 
limitation of the model size in MD simulations. However, recall that the primary role of 
grain boundary in ultra-fine or nanocrystalline materials is to block the propagation of 
the dislocations, which causes the dislocation pile-ups at the grain boundary and result 
in the increased strength of materials. Therefore, from a physical perspective, the fixed 
area in the simulation model can be regarded as another grain boundary that blocked the 
dislocation slipping. This blocking always happens in nanocrystalline materials where 
the grain boundaries hinder the transmission of dislocations at the boundary and thereby 
make the materials hard to deform[23, 24]. 
The strain-hardening stage finished, i.e. the maximum shear stress (σm=1.61 GPa) had 
been reached, when the grain boundary began to migrate, leading to the strain-softening 
stage. A coupled GB motion was clearly observed at this stage, i.e. the boundary plane 
moved downwards under the applied shear deformation. At this deformation stage, it is 
interesting to see that the GB exhibit in a ‘stop-and-go’ mechanism (see in the 
supplementary video). As the shear deformation proceeds the GB position remains 
unchanged for a period (‘stop’ period), but when the increment of shear strain reaches a 
certain value, the GB suddenly moves (‘go’ period). This process is corresponding to the 
‘stick-slip’ behavior of the shear stress, as shown in stage-4 in Fig.2. During the ‘stop’ 
period of GB motion, the shear stress increases with the shear strain. An almost linear 
relationship between the shear stress and shear strain was observed. When the GB 
moves (‘go’ period), the shear stress suddenly drops from the peak value to the local 
minimum value. Figs.4(c) and (d) show the stress distribution of the bicrystal system 
before and after the first jump of GB migration. Obviously, the GB migration played a 
significant role in accommodating the system stress. The coupled GB motion caused 
grain-A to grow and grain-B to shrink while once again increasing the length of the 
intrinsic stacking fault. Fig.3(a)(at ε=9.2%) shows a snapshot of bicrystal configuration 
after two jumps of GB migration. The original GB position is indicated by the dashed 
line for comparison. 
It is worth noting that, based on the classic theory proposed by Read and Shockley, 
the non-uniform structure of asymmetric GBs consist of more than two types of 
dislocations, which can block each other when gliding on the intersection planes and 
prevent a coupled motion. Therefore, the migration of asymmetric GBs was thought to 
be impossible, but recent observations of coupled GB motion in bicrystal 
experiments[25, 26] has suggested that this may not be true. However, the geometric 
rules of coupling or migration mechanisms of asymmetric GBs are less known. Recently, 
Trautt et al.[27] studied the stress-driven motion of asymmetrical GBs between cubic 
crystals over the entire range of inclination angles. Their MD simulations indicated that 
the dislocations can find a way to glide past each other without completely blocking 
themselves, so they proposed two mechanisms by which the dislocations could avoid 
blocking each other, i.e. dislocation reactions and dislocation avoidance[27]. The 
migration of Σ11(Ф=54.74°) asymmetric GB in the present simulation study also 
confirmed this view. Simulation result indicates that the GB dislocations could avoid 
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blocking each other while preserving the total Burgers vector by dislocation reactions. 
As shown in Fig.3(b)(at ε=9.2%), the GB migrating process was accompanied by the 
GB dislocation decomposition and combination. This process can be described by: 
(1/6)[1 1 6̅] ←→ (1/3)[1 1 2̅] + (1/6)[ 1̅  1̅  2̅]. 
4. Summary 
Molecular dynamics simulation in this study reported a dual accommodation 
mechanisms of the Σ11(Ф=54.74°) asymmetric tilt GB at different stress stages, i.e. the 
emission of dissociated partial dislocations from GB plane and GB migration coupled to 
shear deformation. The result of this study can provide further information to 
understand the mechanical behavior of nanocrystalline materials, which is determined 
by the competition between dislocation activity and GB accommodation of the strain. In 
addition, the result has a strong implication that the non-planar GB structure with 
dissociated dislocations can help to increase ductility while retaining the high strength 
of the nanocrystalline materials. This finding provides the theoretical basis for grain 
boundary engineering to attain certain bulk polycrystalline properties. 
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